T he lysosomal glucosidase β-glucocerebrosidase (GC) is required for hydrolysis of glucosylceramide and is targeted to lysosomes in a mannose-6 phosphate-independent manner by the lysosomal integral membrane protein type-2 (LIMP-2) (1, 2). Interaction of the two proteins occurs in the endoplasmic reticulum (ER) (1, 3) , followed by trafficking of the LIMP-2/GC complex to lysosomes. Mutations in LIMP-2 cause action myoclonus-renal failure (AMRF) (4) . LIMP-2 mutants linked to AMRF localize to the ER (3), causing missorting and lysosomal depletion of GC, highlighting the importance of functional LIMP-2 for correct targeting of GC. Reduced lysosomal activity of GC also is a hallmark of Gaucher`s disease (GD), which is caused by mutations in GC. Although only a few AMRF-causing mutations are known for LIMP-2, more than 300 mutations within GC, affecting the activity, stability, and/or the intracellular distribution of the enzyme, have been described (5) . Patients carrying mutations in GC have an increased risk of developing synucleinopathies including Parkinson`s disease (PD) and dementia with Lewy bodies (6, 7) . Importantly, a reduction in GC activity also is found in patients with sporadic PD (8) . We recently showed reduced neuronal GC activity and increased α-synuclein in LIMP-2-deficient mice that also exhibited severe neurological deficits (9) . These findings are supported by a significant association of genetic variations in the LIMP-2 locus with dementia with Lewy bodies (10) and emphasize the involvement of the LIMP-2-mediated lysosomal transport of GC in the pathogenesis of synucleinopathies. Augmentation of GC activity in murine brain of GD and PD mouse models led to a reduction of α-synuclein accumulation and amelioration of neuronal pathology (11, 12) . Several hypotheses suggest a link between mutated GC and dysregulated α-synuclein homeostasis (13) . For example, the GC substrate glucosylceramide has been proposed to promote α-synuclein accumulation by exerting a stabilizing effect on toxic oligomeric forms of α-synuclein (14) . A feedback loop in which accumulated α-synuclein partially blocks the ER-to-Golgi transport of GC was suggested to increase this pathological cascade further (14) .
The recently solved crystal structure of the LIMP-2 ectodomain revealed an exposed three-helix bundle, which is formed by helices 4, 5, and 7; helices 5 and 7 likely serve as a GC-binding domain (15) . Because the secondary structure and hydrophobicity of this region are important for binding and intracellular transport of GC (1), we hypothesized that GC might harbor a similar motif necessary for LIMP-2 binding. Here, we describe the identification and characterization of a hydrophobic helical interface within GC, mediating binding to LIMP-2. We therefore suggest a model of LIMP-2/GC interaction that may be important for the design of small-molecule GC activators. Furthermore, we generated a LIMP-2-derived helical peptide that can be used to purify, activate, and stabilize GC in vitro as well as in cell-based assays. Our data also
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Apart from the lysosomal integral membrane protein type-2 (LIMP-2)-dependent trafficking of β-glucocerebrosidase (GC) to lysosomes, little is known about the interaction of LIMP-2 and GC on the molecular level. The structural and biochemical characterization of LIMP-2/GC interaction sites has potential importance for the design of GC-activating compounds. We show that a LIMP-2-derived helical peptide can be used for efficient purification and activation of recombinant and endogenous GC. These results provide a molecular framework for the design of GC activators as potential treatments in Parkinson's disease and related synucleinopathies.
suggest that this chaperone-like activity of LIMP-2 could increase lysosomal targeting of wild-type or mutant forms of GC, thereby decreasing intralysosomal accumulation of glucosylceramide in synucleinopathies.
Results

LIMP-2 and GC Interaction Is Mediated by Hydrophobic Helical
Interfaces on both Proteins. Previous mutagenesis studies, guided by the crystal structure of the LIMP-2 ectodomain, indicated that the hydrophobic helices 5 and 7 are critical for an interaction with GC (15) . Consistent with these findings, we show here that mutations within helix 5 and 7 of LIMP-2 that reduced the hydrophobicity of this region (Fig. S1 A and B) impaired the ability to rescue reduced GC activity in a LIMP-2-deficient cell system (Fig. S1C) . Thus we confirm in a cellular model that the hydrophobicity of the helical bundle in LIMP-2 is critical for binding and intracellular transport of GC. Because the interaction domain within the GC protein is unknown, we used the available crystal structure of GC (16, 17) and surface potential analysis to identify potential GC/LIMP-2 interaction sites in silico (Fig. 1A) . A potential interaction region in GC, which consisted of a hydrophobic helical interface (white area in Fig. 1A ) and is composed of three helices, 1a, 1b, and 2 ( Fig. 1B) , was identified by its similarity to helices 5 and 7 of LIMP-2.
To determine if these helices are important for binding to LIMP-2, we substituted single amino acids within this helical motif by replacing conserved hydrophobic leucines with negatively charged glutamic acids ( Fig. 1 B and C) . This substitution resulted in the three GC mutants L91E (helix 1a), L94E (helix 1a), and L156E (helix 2). A R211E GC mutant served as a control because this mutation is located outside the identified hydrophobic helical motif (Fig. 1B) . The GC mutants were expressed in cells and assayed for their ability to bind LIMP-2 by coimmunoprecipitation (co-IP). In contrast to wild-type GC and the control mutant R211E, the three point mutations within the helical motif of GC impaired co-IP with LIMP-2 ( Fig. 1 D and E) . Helix 1a/b GC and the R211E mutant with endogenous LIMP-2 ( Fig. 1 F and G) and lysosome-associated membrane glycoprotein 2 (LAMP-2) ( Fig. S1 D and E) in lysosomes, whereas the GC helical motif mutants L91E, L94E, and L156E remained in the ER (Fig. S1 F and G). Furthermore a colocalization of wild-type GC with overexpressed LIMP-2 also was found in lysosomes but was reduced significantly upon expression of the GC mutants L91E and L156E ( Fig. S1 H and I). To evaluate the cellular fate of the GC helical motif mutants further, we used GC-deficient mouse embryonic fibroblasts (MEFs) ( Fig . This result indicates some residual interaction of LIMP-2 with the L94E mutant under more native cellular conditions. The residual interaction found here was not detected by the previous co-IP experiments ( Fig. 1 D and E), possibly because of the stringency of the applied co-IP buffer. We then evaluated whether the observed increase in GC maturation also leads to changes in its enzymatic activity. Upon coexpression of wild-type GC and LIMP-2, we observed a significant increase in GC activity, which was not evident for the three GC helical motif mutants L91E, L94E, and L156E (Fig. S1L ).
Overall our data suggest that the hydrophobicity of a three-helix motif within GC is critical for proper LIMP-2 binding. Furthermore, LIMP-2 expression appears to be a limiting factor for ER exit and post-ER trafficking of GC. of these mutants and then the LIMP-2-dependent intracellular transport of GC. Co-IP experiments revealed impaired binding of the GC mutants P159L and I161S to LIMP-2 as compared with wild-type GC (Fig. 2 B and C) . The two control mutants F213I and N188S still bound to LIMP-2, albeit to a reduced extent compared with wild-type GC (Fig. 2 B and C) . IF microscopy in GC-deficient cells demonstrated decreased lysosomal transport of the hydrophobic helix mutants P159L and I161S (Fig. 2 D and E and Fig. S2  A and B) . In contrast the two control mutants F213I and N188S still colocalized with LIMP-2 ( Fig. 2 D and E) and LAMP-2 ( Fig.  S2 A and B) , indicating their lysosomal localization. Furthermore, colocalization with protein disulfide-isomerase (PDI) revealed increased ER localization of the two GD mutants P159L and I161S compared with wild-type GC or the control mutant N188S (Fig. S2  C and D) . In addition the two GD-associated helix mutants P159L and I161S showed significantly reduced colocalization with overexpressed LIMP-2, but the control mutants F213I and N188S did not ( Fig. S2 E and F ). An EndoH digest confirmed the retention of the clinical mutants P159L and I161S within the ER, whereas the GC mutants F213I and N188S were found in post-ER fractions (Fig. 2 F and G) . In addition, overexpression of LIMP-2 did not increase the post-ER transport of the P159L and I161S, mutants as observed for the F123 and N188S mutants (Fig. 2 F and G) , strengthening our hypothesis that the P159L and I161S mutants are incapable of binding to LIMP-2 via their hydrophobic helical motif, thus resulting in decreased ER exit and lysosomal transport. To characterize the LIMP-2-binding domain further, we analyzed two additional GC mutants, the GD-associated point mutation P159T, which carries a polar threonine at position 159, and the L91A mutant carrying an alanine at position 91, which represents a hydrophobic amino acid but has a less bulky side chain than the original leucine. Both mutations resulted in impaired binding of mutated GC to LIMP-2 as revealed by co-IP studies (Fig. 2 H and I) , further indicating the importance of single amino acids for LIMP-2 binding in this highly conserved region. Importantly, all GC mutants analyzed so far in this study exhibited expression levels comparable with that of the wild-type enzyme (Figs. 1D and 2B , Upper, and Fig. S2G) .
In summary, our findings suggest that the LIMP-2-binding region in GC is located in a helical interface formed by helix 1a (residues T86-L96), helix 1b (residues P99-S110), and helix 2 (P150-A168), displaying a hydrophobic patch similar to that found in LIMP-2. Therefore, we propose a model in which GC and LIMP-2 interact via two hydrophobic helical interfaces (Fig.  2J, Fig. S2H , and Movie S1). Consistent with this model, a crystal structure of LIMP-2 solved at pH 5.5 (20) shows a large conformational change in the identified binding site of helix 5; this change likely is responsible for the dissociation of GC at low lysosomal pH (Fig. S2H) . 3×D) . GC activity was normalized to cell volume and is shown relative to buffer control (n = 4). (H and I) TAT peptide uptake (helix 5 and 3×D) in H4 cells, stably overexpressing α-synuclein under a tetracycline-inducible promoter in conjunction with doxycycline to stop de novo synthesis of α-synuclein (α-Syn). Immunoblot (H) and densitometry analysis (I) of the α-synuclein level (normalized to loading control) after 74 h of incubation with helix 5 TAT peptide. The value at incubation time t 0 was set as 1 (n = 6). (J) Pulldown of recombinant wild-type GC and the GC N370S mutant with TAT peptides (helix 5 and 3×D). (K) Activity assay of recombinant mutant N370S GC after incubation with TAT peptides (helix 5 and 3×D). As a reference value, wild-type GC activity is shown on the right. GC activity was normalized to buffer control (n = 3-5). See also Fig. S3 .
A Synthetic LIMP-2-Derived Peptide Is Sufficient to Interact with GC and Increases the Enzymatic Activity. We then asked if helix 5, the most apically exposed helix of LIMP-2, is sufficient for binding to GC. To this end, we generated a LIMP-2-derived helix 5 peptide together with a control peptide with two isoleucine and one leucine residues replaced by three aspartates (3×D) (Fig. 3A) . We have shown previously that a LIMP-2 mutant containing these three aspartates failed to bind GC (3). Circular dichroism spectroscopy confirmed the helical structure of the helix 5 peptide, but the control peptide was nonhelical (Fig. S3A) . Both peptides were N-terminally tagged with biotin and used for GC pulldown experiments at neutral pH. After the peptides were incubated with either recombinant GC (Fig. 3 B and C) or cellular lysates (Fig. 3D) , only the wild-type helix 5 peptide specifically coprecipitated recombinant as well as endogenous GC. In addition, no interaction of the helix 5 peptide with recombinant α-mannosidase (LAMAN), a lysosomal hydrolase, or albumin (BSA) could be detected (Fig. S3 B and C) , demonstrating the specific interaction of this helix 5 peptide with GC.
To address the functional impact of the observed interaction between the helix 5 peptide and recombinant GC, we measured GC activity in the presence of a one-to 10-fold molar excess of the helix 5 peptide (Fig. S3D) . Enzyme activity was increased five times in the presence of a 10-fold molar excess of the helix 5 peptide, whereas the 3×D control peptide did not increase the GC activity (Fig. 3E) . A random helical control peptide consisting of 24 amino acids (21) also was unable to increase GC activity, further supporting the specificity of the helix 5 peptide (Fig. 3E) . The purified luminal domain of LIMP-2 had a similar effect on GC activity (Fig. S3D) , suggesting that the activating effect of LIMP-2 on GC is mediated mainly by helix 5. No effect on LAMAN enzymatic activity was detected after incubation with the helix 5 peptide or the LIMP-2 ectodomain, further emphasizing the specificity of the helix 5 peptide on GC activity (Fig. S3E) . The enzymatic activity of endogenous and overexpressed GC in cell lysates also was increased after incubation with the helix 5 peptide (Fig. S3F) . To analyze if the increase in GC activity is caused by the stabilization of the enzyme, recombinant GC was incubated with the helix 5 and the control peptide at 37°C, and the activity of GC was measured at regular intervals (Fig. 3F) . Incubation of GC with buffer alone or the control 3×D peptide led to a complete loss of enzymatic activity within 72 h, whereas GC still displayed significant enzymatic activity in presence of the helix 5 peptide (helix 5: t 1/2 = 48 h; 3×D: t 1/2 = 24 h) (Fig. 3F) .
We also analyzed if the helix 5 peptide-mediated increase in GC activity measured in vitro could be detected in lysosomes of living cells. To facilitate cellular uptake of the peptide, we used a cell-penetrating helix 5 and a control peptide (3×D) that were C-terminally linked with a HIV-derived TAT motif (22) . We also added the chaperone-mediated autophagy-targeting motif KFERQ to support lysosomal import of these peptides (23) . This effect of helix 5 peptide, as well as the control (3×D) TAT peptide, on recombinant GC activity was comparable to the effect observed for the unmodified peptides (Fig. S3G) . Using IF, we detected the helix 5 TAT peptide in vesicular structures that partly colocalized with LIMP-2 in H4 human neuroglioma cells, indicating lysosomal localization (Fig. S3H) . Next, using a compartment-specific activity assay (24), we confirmed that the helix 5 TAT peptide could elevate GC activity directly within lysosomes of living cells by ∼18% (Fig. 3G and Fig. S3I) . Because it has been demonstrated previously that elevated GC activity reduces α-synuclein levels (9, 11, 12), we investigated the effect of the helix 5 TAT peptide on the clearance of α-synuclein in H4 cells stably overexpressing wild-type α-synuclein under a tetracycline-inducible promoter. These cells were incubated with the helix 5 or the control (3×D) TAT peptide and were treated with doxycycline to suppress de novo α-synuclein synthesis. Cells were harvested at 0 and 74 h after doxycycline addition, and the remaining α-synuclein levels were analyzed by Western blot. Enhancement of GC activity persisted for the 74-h time course of the assay with the helix 5 TAT peptide but not with the control 3×D TAT peptide (Fig. S3J) . A significant reduction in α-synuclein levels was observed 74 h after incubation with the helix 5 TAT peptide, as compared with the 3×D control peptide (Fig. 3  H and I) . To evaluate the therapeutic potential of the LIMP-2-derived helix 5 peptide further, we assessed its effect on the recombinant GC mutant N370S, which represents one of the most prevalent GD-causing mutations with low catalytic activity (25, 26) . Using a cell-free system, we found that recombinant N370S mutant GC could be precipitated by the helix 5 TAT peptide as efficiently as recombinant wild-type GC (Fig. 3J) ; this finding is consistent with the localization of the N370S mutation outside the three helical LIMP-2-binding motif (Fig. S3K) . Furthermore, similar to its effect on wild-type GC (Fig. 3E) , the helix 5 TAT peptide led to a fourfold increase in the activity of the N370S mutant (Fig. 3K) .
Our data provide evidence that the interaction site of LIMP-2 and GC consists of two hydrophobic helical interfaces. The integrity of these helical motifs on both proteins is critical for LIMP-2-mediated lysosomal transport of GC. Additionally, a LIMP-2-derived helix 5 peptide is sufficient for binding and activating both wild-type and mutant GC in vitro and in cell-based assays. We propose binding of the LIMP-2-derived helix 5 peptide to the hydrophobic three-helix motif found on GC as described for LIMP-2 ( Fig. S3K and Movie S1). The characterization of this interaction site on GC might have important implications for the future drug design of GC activators.
Discussion
The determination of the crystal structures of LIMP-2 (15) and GC (16) and their respective binding sites revealed here provides a deeper understanding of how this receptor/ligand protein complex triggers transport of GC to the lysosomal compartment. Our data suggest that LIMP-2 and GC interact via two helical interfaces in a 1:1 stoichiometry, as is consistent with our previous crosslinking experiments (1). The described helical interfaces on LIMP-2 and GC expose mainly hydrophobic side chains, indicating a hydrophobic interaction. This notion is supported by our findings that introduction of negatively charged amino acids in either helical interface impaired LIMP-2 binding to GC. The two clinically relevant GC mutations in helix 2 support this mode of interaction, because the I161S mutation decreases the hydrophobicity and the P159L mutant interferes with the secondary structure of the helical motif of GC or neighboring protein structures. Interestingly, the hydrophobic helical motif is found opposite the catalytic cavity and also opposite the proposed saposin C-binding site (27, 28) , suggesting that LIMP-2/GC interaction does not interfere with the binding of saposin C. Furthermore, in agreement with our previous findings of a glycosylation-independent LIMP-2/GC interaction (1, 3), the LIMP-2/GC interaction site does not harbor glycosylation sites. Our data propose a model in which sugar chains of both proteins come in close contact upon complex formation (Fig. 2J) , potentially exerting a stabilizing effect on the LIMP-2/GC protein complex and thereby assisting in the lysosomal transport of the enzyme. Interestingly, very few GD-causing mutations in GC have been reported within this interface region so far (5). It is possible that such mutations do not affect the catalytic activity of GC but rather diminish its binding to LIMP-2, leading to the secretion and recapture of a still functional enzyme via endocytosis. The amount of GC reaching lysosomes through this indirect pathway could be sufficient for several cell types to degrade sphingolipids (e.g., macrophages), as demonstrated by the successful application of exogenous recombinant GC in enzyme-replacement therapy (29) (30) (31) .
Recently, Liou et al. (32) proposed that the LIMP-2-binding motif in GC consists of an 11-amino acid stretch that forms a surface-accessible loop in the close vicinity of the helical interface reported here. However, most of the residues within this loop that are mutated in this study point toward the core of GC, suggesting they have a secondary effect on the helical motif rather than affecting binding directly.
We found that a LIMP-2-derived helix 5 peptide sufficiently binds to the helical motif of GC leading to a fivefold increase of recombinant GC activity. The use of this helix 5-derived peptide could offer a previously unidentified strategy to purify GC efficiently from cell-culture medium or cell lysates. Moreover, this helix 5-derived LIMP-2 peptide could be exploited as an activator of wild-type and even mutant GC. The underlying mechanism of the helix 5 peptide-mediated GC activation remains to be established, but our in vitro assays already indicate that the peptide has a stabilizing effect on the enzyme. We propose the helix 5 peptide binds to the same hydrophobic interface of GC as described for LIMP-2 in this study. Most of the recently described chaperones of GC are inhibitors of the enzyme (33, 34) . In contrast, we propose here that the binding site of the helix 5 peptide resides outside the catalytic cavity of GC. Thus, we assume that the bound helix 5 peptide has an allosteric, noninhibitory effect on GC activity.
In summary, our study describes a helix motif in GC responsible for the interaction with LIMP-2 and presents a model of the receptor/ligand complex. It also reveals an activating effect of a small LIMP-2-derived peptide on GC. Identification of the peptide binding at this particular region on GC further opens the possibility of designing small molecules to target this domain. Understanding the LIMP-2 interaction site in GC may further elucidate the molecular aspects of GD and AMRF and help optimize therapeutic strategies for patients. Preserving or enhancing LIMP-2/GC interaction will be important in therapeutic efforts geared toward the development of activators and chaperones of LIMP-2 or GC.
Experimental Procedures
Expression plasmids of LIMP-2 and human GC constructs (Table S1) were generated as described previously (1) . For the cell lines used, please refer to SI Experimental Procedures and Table S2 . For Western blotting nitrocellulose or PVDF membranes were used. EndoH/PNGaseF digests were performed according to the manufacturer's instructions (New England Biolabs). For co-IP experiments magnetic agarose G beads (Thermo Fisher Scientific) were used. For more information refer to SI Experimental Procedures. IF studies were performed in cells as previously described (1, 3) . Cellular colocalization of two proteins was determined by Pearson's index (35) (also see SI Experimental Procedures). Enzyme activity assays of cell lysates or recombinant protein were measured at acid pH using absorbent and fluorescent artificial substrates; for further information see SI Experimental Procedures. For peptide studies, peptides were N-terminally tagged with biotin. If not stated otherwise, recombinant enzyme was incubated with a 10-fold higher molarity of peptides. Conditions for pulldown experiments were kept at neutral pH. More information can be found in SI Experimental Procedures. Protein modeling, molecular analyses, graphics, and animations were performed with the University of California, San Francisco Chimera package (www.cgl.ucsf.edu/chimera) supported by National Institute of General Medical Sciences Grant P41-GM103311.
Primers used for cloning and site-directed mutagenesis are given in Table  S3 ; antibodies used are listed in Table S4 ; peptide sequences are provided in Table S5 ; buffers, solutions, and recombinant proteins are described in Table  S6 ; and the settings for CD spectroscopy are detailed in Table S7 .
For statistical analyses, all values are expressed as the mean ± SEM and were analyzed via a two-sided, unpaired Student's t test or one-way ANOVA followed by a Tukey-Kramer multiple comparison test using GraphPad Instat 3 software when multiple samples were analyzed. In all analyses the null hypothesis was rejected at P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). If not indicated otherwise, significant differences in the graphs show GC/LIMP-2 mutants compared with each respective wild-type or buffer/control peptides compared with the helix 5 peptide.
